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Native state 
Phage T4 lysozyme 
Unfolding (tertiary structure is 
converted into random coil): 
•   interaction among secondary 
   structure elements    
•   melting of secondary structure 
   elements  
•   increase of the number of states 
•   increase of entropy 
Same number of states for every 
residue in the denatured state? 
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ΔΔS 
ΔG = ΔH - T ΔS 
ΔΔG = ΔΔH  - T ΔΔS 
ΔΔG =   - ΔΔS 
ΔΔS is positive: 
stability decreases 
ΔΔS is negative: 
stability increases 
Modifications producing a negative ΔΔS? 
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Tm of Phage T4 lysozyme: 64.7 ± 0.5 °C (337.85 ± 0.5 °K) 
ΔΔS of GxA = about  –2.4 cal / degree • Mol (ΔS Ala - ΔS Gly)  
ΔΔS of AxP = about  –4.0 cal / degree • Mol (ΔS Pro - ΔS Ala)   
-4.0 (cal / degree • Mol) • 337.5 (°K) = -1350 cal / Mol ≅ -1.4 kcal / Mol 
What lysozyme residues are good candidates for site-specific substitutions? 
1.4 kcal / Mol                       increase of Tm equal to ca. 4 °C 
€ 
ΔΔSconf = ΔSconfX −ΔSconfGly = R ln
γx
γgly
Relative Entropy of unfolding 
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Substitution of a glycine with an alanine 
11 glycines: 
•  G77, G110, G113 feature  ϕ and  ψ 
  angles  compatible  with a larger  R 
  group (e.g. methyl, alanine)    
•  substitution of G77 or G113 should 
  not introduce clashes with other 
  residues  
•  construction of the mutant G77A 
Purification of  mutant  enzyme  and  
resolution of its structure. Structures 
of mutant and wt enzyme compared. 
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RESIDUE φ ψ 
G12 84.035 -177.383 
G23 88.502    14.704 
G28 79.570 -133.903 
G30 66.136    31.055 
G51 86.335    31.709 
G56 74.705    12.783 
G77 -65.870   -44.256 
G107 77.218  157.725 
G110 -51.970   -52.554 
G113 -80.333   -10.972 
G156 76.310   17.546 
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G77 (cyano): 
•  features  appropriate  φ  and  ψ 
  angles 
•  is not involved in  intramolecular 
  interactions 
•  substitution with  alanine seems 
  feasible  avoiding  steric clashes 
•  E108 is  located within  5 Å from  
  G77 
•  a  water  molecule is  bound  by  
  E108 
Structure of G77A lysozyme? 
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Wild-Type G77A 
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Lysozyme G77A 
A73 
A74 
V75 
R76 
A77 
I78 
L79 
R80 
(HIDDEN) 
N81 
E108 G107 •  Hydrogen bond between a H2O molecule 
  and E108 
•  The methyl group (alanine) would lie in  
   proximity 
Lysozyme wt 
•  E108 is significantly shifted (comparison 
  with its wild-type counterpart) 
•  The hydrogen bond with water persists 
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Blue: wt lysozyme 
Green: G77A enzyme 
•  E108 shifts away from G77 
•  R76 is also shifted 
•  A74, V75, I78, L79, and R80 
  are  not  altered in the G77A 
  mutant 
G77A and wt lysozyme should  
feature the  same energy level 
The presence  of  G77  should 
reduce the number of states of 
the unfolded lysozyme.  
Decrease in ΔS? 
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Conformation of R76: 
•  in wt lysozyme R76 and 
  E108 are 10 Å apart 
•  in G77A  lysozyme  R76 
  E108 are 9.8Å apart 
•  R76 is located near the 
  surface of lysozyme 
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Introduction of a proline 
•  Residues with φ and ψ angles compatible, absence of potential clashing  
•  K60, A82, and A93 good candidates, construction of A82P  
Wild-type A82P 
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Wild-type A82P 
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Blue: wt lysozyme 
Magenta: A82P enzyme 
Very slight differences between the tertiary  
structures of wt and A82P lysozymes 
Similar differences vs. wt observed in G77A 
and A82P lysozymes 
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The  region  containing  P82 
is essentially identical to the 
counterpart of wt lysozyme 
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P82 
Only Arg76 is significantly altered 
R76 
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P82 is located near the surface of lysozyme 
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Stability properties 
Stability test: 
•  heating at 65 °C (at pH 6.5) as a  
   function of time 
•   rapid drop of temperature  
•   activity assay at 22 °C  
•   plot of activity decay (A) 
•   plot of residual activity (B).  
•   A0  is the  activity  of  untreated  
    lysozyme. At is the activity after 
    time t.  
The decay is better described by the second-order plot (B) 
Dependence on lysozyme concentration? 
Matthews et al., 1987, Proc. Natl. Acad. Sci. USA, 84: 6663-6667. 
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van’t Hoff analysis PF               PU 
•  Reversible denaturations 
•  Determination of Tm (CD spectra) 
•  [PF] and [PU] at equilibrium f(T) 
•  ΔG = -RTlnKeq 
pH 2 
Tm 
pH 3 
Tm 
ΔG = -RTlnKeq 
ΔH – TΔS = -RTlnKeq 
RlnKeq = ΔS – ΔH/T 
RlnKeq as a function of 1/T: 
slope = ΔH 
ΔCP estimation: not accurate  
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Determination of Tm and ΔHm as a function of pH 
€ 
ΔHm = a +ΔCP •Tm      a = constan t
•  Increasing pH, Tm increases 
•  The slope is ΔCP 
For T4 Lysozyme: 
•  Tm ≈ 42 °C at pH 2.0 
•  Tm ≈ 65 °C at pH 6.5  
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Protein Tm °C ΔT ΔH* ΔS** ΔΔH ΔΔS ΔΔG TmΔSconf 
Denaturation at pH2.0  
wt 41.9±0.4 - 89±5 282±16 - - - - 
G77A 40.5±0.7 -1.4±0.8 85±4 270±13 -1±6 -3±21 -0.4 -0.8 
A82P 42.7±0.1 0.8±0.4 90±5 283±16 -1±7 -2±23 0.3 -1.3 
Denaturation at pH 6.0 
wt 64.7±0.5 - 129±9 381±27 - - - - 
G77A 65.6±0.2 0.9±0.5 125±9 368±27 -6±13 -18±38 0.4 -0.8 
A82P 66.8±0.2 2.1±0.5 126±9 371±26 -7±13 -22±37 0.8 -1.4 
* kcal/Mol, ** cal/degMol, TmΔsconf in kcal/Mol 
Matthews et al., 1987, Proc. Natl. Acad. Sci. USA, 84: 6663-6667. 
Determination of thermodynamic parameters of denaturation (van’t Hoff analysis) 
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∆S and ∆∆S: 
∆S for wt: 381 cal / degree  Mol = R  ln(z) = 1.98717 (cal /degree  Mol)  ln(z)n 
ln(z)n = 192      Lysozyme contains 164 amino acids (n = 164) 
164ln(z) = 192  z ≈ 3 
∆∆S for A82P compared with wt: -22 cal /degree  Mol = R  ln(A82P/wt)n 
ln(A82P/wt)n = 22/1.98717 = 11.07 
Entropic change corresponding to about 1.07 additional conformations per residue. 
Tm increases about 2 °C  
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